Depression is the leading cause of disability worldwide, and its treatment represents a major clinical challenge. The hypothalamus-pituitary-adrenal (HPA) axis has been known to play a crucial role in depression and serves as a target for antidepressants. Acid-sensing ion channels (ASICs) are widely expressed in the nervous system and may be implicated in depression. Whether ASICs could act on the HPA axis to affect depression-related behaviors is not fully understood. In this study, we investigated the effect of inhibition of ASICs on the HPA axis activity in chronic stress-subjected rats. We found that treatment with the ASIC selective antagonist amiloride reversed chronic stress-induced elevation of adrenocorticotropic hormone (ACTH) and corticosterone in serum, which is reflective of the HPA axis activity. In addition, amiloride also alleviated chronic stress-induced anhedonia-like behavior. These results suggest that inhibition of ASICs may act on the HPA axis to alleviate the symptoms of depression.
Introduction
Depression is the most common and recurrent mental disorder that diminishes the quality of life of patients. [1] [2] [3] Furthermore, depression increases the risk of many diseases, such as diabetes, 4 Alzheimer's disease, 5 epilepsy, 6 and cardiovascular disease, 7 with severe forms of depression even increasing mortality. 8 Although depression has been studied for several years, the mechanism behind its onset remains elusive. Currently, serotonin selective reuptake inhibitors (SSRIs) are the rst-line antidepressants in use. However, treatment using SSRIs is far from satisfactory because of the severe side effects and its failure to ameliorate the symptoms of depression in 30% of cases. 9 Therefore, there is a great need to develop novel treatment modalities.
In response to stress, the hypothalamic-pituitary-adrenal (HPA) axis, which is associated with antidepressant treatment, is hyperactivated. [10] [11] [12] The activation of the HPA axis is characterized by elevated synthesis and secretion of corticotropinreleasing hormone (CRH), which accelerates the release of adrenocorticotropic hormone (ACTH) into the systemic circulation, subsequently resulting in the release of glucocorticoids into the systemic circulation by the adrenal cortex.
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Hyperactivity of the HPA axis has long been considered to be the mechanism of a major part of depressive symptomatology.
14 Previous studies have shown that patients with major depression have a hyperactive HPA axis, and chronic antidepressant treatments revert the HPA axis function back to normal. [10] [11] [12] The HPA axis could be a potential candidate for antidepressants.
Acid-sensing ion channels (ASICs), members of the epithelial Na + channel/degenerin (ENaC/DEG) family, are proton-gated cationic channels that are expressed throughout the nervous system 15 and serve as pH-sensitive characters to maintain the homeostasis of organisms. 16 The activation of ASICs increases membrane excitability and contributes to neuronal plasticity. 17, 18 In the peripheral nervous system, ASICs are mainly distributed in sensory neurons and are implicated in nociception and mechanosensation. 19, 20 Therefore, ASICs have been widely discussed as potential candidates for painkillers. 16, 21 In the central nervous system, ASICs are robustly expressed in the structures associated with emotion processes, including the hippocampus, amygdala, bed nucleus of the stria terminalis, habenula, prefrontal cortex, as well as the paraventricular nucleus of the hypothalamus, which could affect the HPA axis. 18, [22] [23] [24] Although ASICs have been suggested to be involved in the regulation of several neurological diseases in recent years, [25] [26] [27] their roles in depression are not well-known. For example, whether inhibition of ASICs could affect the HPA axis and produce antidepressant effects is not fully understood. We, therefore, employed amiloride, a well-known inhibitor of ASICs, in this study to explore the role of ASICs in the modulation of the HPA axis and their effects on depression-related behavior.
Materials and methods

Animals
Male Sprague-Dawley rats weighing 200 AE 10 g were housed in cages with food and water provided ad libitum and maintained under a 12 h light-dark cycle (lights on at 7:00 a.m.) and an ambient temperature of [22] [23] [24] [25] C. The rats were allowed to acclimate for one week before the experiments. All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of the University of Science and Technology of China (License no. USTCA-CUC1901001) and approved by the Animal Ethics Committee of University of Science and Technology of China (Hefei, China). Every effort was made to minimize the number of animals used and their suffering.
Chronic unpredictable mild stress
The rats were subjected to chronic unpredictable mild stress (CUMS) to induce depression, as previously reported. 28, 29 Briey, the stressed rats were randomly exposed to one of the following stressors once daily: 1 h warm swim at 31 C; 4 min cold swim at 
Sucrose preference test
Depression-related behavior was assessed by the widely used sucrose preference test as previously reported. 30, 31 Briey, the animals were individually housed and habituated with two bottles of water for 2 days, followed by two bottles of 2% sucrose for 2 days. Then the rats were water-deprived for 24 h, followed by exposure to one bottle of 2% sucrose and one bottle of water for 2 h. Bottle positions were switched aer 1 h, and the consumption of sucrose and water was measured 2 h later. The sucrose preference ratio was calculated by dividing the amount of consumed sucrose by total liquid consumption. The sucrose preference test was carried out 1 day before CUMS and 1 day aer CUMS.
Intracerebroventricular surgery
All the rats that received intracerebroventricular injection (i.c.v.) were anesthetized using a mixture of ketamine and xylazine (100 : 10 mg kg À1 ) and xed on a stereotaxic apparatus (RWD, Shenzhen, China). Aer the skin and muscles were dissected, a guide cannula was implanted into the right lateral cerebral ventricle (0.8 mm posterior from the bregma, 1.5 mm lateral from midline, and 5 mm below the skull surface). The cannula was secured to the rat's skull with dental cement. Rats were allowed to recover for 5 days before testing. The data from the rats with missed injections was excluded from the study. For the intraventricular injection, amiloride was dissolved to a nal concentration of 100 mM in articial cerebrospinal uid (ACSF) containing (in mM): 129 NaCl, 2. 4 , and 10 glucose. The amiloride (2 ml) was i.c.v. injected by an infusion pump for 2 min using a 10 ml Hamilton syringe and PE tubing connected to a 30-gauge stainless steel injector 30 min before the stress. The vehicletreated stressed group received the same volumes of ACSF.
Acute stress
For acute stress experiments, rats were randomly assigned to one unstressed group, one vehicle-treated stressed group, and one amiloride-treated stressed group (n ¼ 10 per group). Forced swimming was used as the acute stressor. 32 The stressed rats were placed in a plastic cylinder 25 cm in diameter, which was lled with 30 cm water (23 C), for 10 min and towel-dried aer the swimming. The stressor was administered once between 10:00 a.m. and 11:00 a.m. The rats in the unstressed group were not exposed to any stressor.
Drug administration
Intraperitoneal injection of the selective antagonist amiloride was used during the chronic stress experiments since this manner of drug application has been shown to inhibit the ASIC activity in vivo. 33 Amiloride hydrochloride hydrate (SigmaAldrich Chemicals, MO, USA) was dissolved in sterile normal saline and diluted to the desired concentration just before injection. During the 21 day CUMS treatments, all rats received injections of either amiloride or sterile saline once daily at a volume of 2 ml kg À1 body weight prior to the daily exposure to the stressor. The stressed rats were randomly divided into four groups: 5 mg kg À1 or 10 mg kg À1 injected 30 min or 60 min prior to the CUMS. For the control group, the same volume of sterile saline was injected 30 min prior the CUMS.
Serum and tissue preparation
For the rats subjected to chronic stress, tissues were taken 1 day aer the last sucrose preference test. Rats were transferred to a quiet room adjacent to the laboratory 1 h prior to decapitation to avoid any stress that might interfere with the hormone levels. Aer decapitation, trunk blood and whole brains were quickly collected between 11:00 a.m. and 1:00 p.m. Trunk blood was collected, allowed to coagulate for 30 min, and then centrifuged at 3000 rpm for 15 min at 4 C. The serum was stored at À80 C for further assay. Half of the brains were randomly assigned to real-time RT-PCR analysis. The hypothalamus was quickly dissected with the following limits: anterior border of the optic chiasm, anterior border of the mammillary bodies, and lateral hypothalamic sulci. The depth of dissection was approximately 3 mm. Tissues were then quickly frozen in liquid nitrogen and stored at À80 C. For the rats subjected to acute stress, blood samples were collected from trunk blood 30 min aer forced swimming stress.
Measurement of serum ACTH and corticosterone levels
Serum ACTH and corticosterone levels were determined using a commercially available (125I) ACTH radioimmunoassay kit, according to the manufacturer's instructions (Phoenix Pharmaceuticals, Inc., CA, USA) (sensitivity range, 10-1280 pg ml À1 ;
inter-assay variation, 8.4%; intra-assay variation, 4.1%), and an enzyme-linked immunosorbent assay (ELISA) kit (IBL International, Hamburg, Germany) (sensitivity range, 1.63-240 nmol l À1 ; inter-assay variation, 6.14%; intra-assay variation, 2.77%),
respectively.
Immunohistochemistry
The rats were deeply anesthetized with pentobarbital sodium (50 mg kg À1 , i.p.) and sequentially perfused with saline and 4%
(w/v) paraformaldehyde (PFA). The brains were subsequently removed and post-xed in 4% PFA at 4 C overnight. Aer cryoprotection of the brains with 30% (w/v) sucrose, coronal sections (40 mm) were cut using a cryostat (Leica CM1860) for immunouorescence. The sections were incubated in 0.3% (v/v) Triton X-100 for 0.5 h, blocked with 10% donkey serum for 1 h at room temperature, and incubated with primary antibody anti-ASIC1 (1 : 500, rabbit, Sigma) at 4 C for 24 h, followed by the corresponding uorophore-conjugated secondary antibodies for 2 h at room temperature. Fluorescence signals were visualized using a Zeiss LSM710 microscope.
Western blot
The hypothalamus tissues from control and CUMS rats were homogenized using 100 ml RIPA (Beyotime, China) lysis buffer containing protease inhibitors. The lysates were centrifuged, and then supernatant was separated using 10% SDS-PAGE. Membranes were incubated in solutions containing an antibody to CRH (1 : 1000; Abcam) or GAPDH (1 : 2000; Cell Signaling Technology) at 4 C overnight. Successively, the membranes were washed with Tris-buffered saline and Tween 20 (TBST) and were incubated with a secondary antibody to rabbit HRP (1 : 10 000) or to mouse Ig HRP (1 : 20 000; Calbiochem). Finally, the immunoreactivity bands were detected using enhanced chemiluminescence (GE Healthcare Biosciences).
Real-time RT-PCR
Total RNA was extracted from the frozen hypothalamus using TRIzol (Invitrogen, CA, USA) method. The cDNA was synthesized using reverse transcriptase (Promega, WI, USA). Quantitative real-time PCR was performed using the SYBR Green PCR Kit (Applied Biosystems, CA, USA) and an ABI PRISM 7500 Sequence Detection System (Applied Biosystems) in 20 ml The relative amount of the target gene was calculated using the 2 ÀDDC t method. The relative amplication efficiencies of the primers were tested and shown to be similar.
Statistical analysis
All data obtained during the experiment were analyzed using Student's t test or ANOVA (one-way and two-way) with post hoc analyses and multiple comparisons. GraphPad Prism 7 (GraphPad Soware, Inc., USA) were used for the statistical analyses and graphing. The data are expressed as the mean AE standard error of the mean (SEM), and signicance levels are indicated as *P < 0.05, **P < 0.01, and ***P < 0.001.
Results
Effects of inhibiting ASICs on sucrose preference in CUMS rats
Clinical studies have shown that body weight is lost during the progress of depression. 34 As expected, we found that body weight gain signicantly decreased in CUMS rats compared with control rats (Fig. 1A) . Then, we determined the effects of the ASIC inhibitor on rat weight. When compared with the unstressed group, we found that the lost weight was signi-cantly reversed aer intraperitoneal injection with amiloride (5 mg kg À1 30 min group, 5 mg kg À1 60 min group, 10 mg kg À1 30 min group, 10 mg kg À1 60 min group), a widely used ASIC antagonist, in CUMS rats (Fig. 1A) . Of note, no signicant difference was detected between different doses of amiloride treatment, suggesting that the antidepressant effect of amiloride is not dose-dependent. Sucrose preference test is a well-accepted paradigm for measuring anhedonia-like behavior in a rodent model of depression. 35 As shown in Fig. 1B , the sucrose preference was signicantly decreased in the CUMS group when compared with that in the control group. We then determined the effect of amiloride on the anhedonia-like behavior. We found that intraperitoneal injection with amiloride signicantly reversed the CUMS-induced decrease in sucrose preference (Fig. 1C) . These results suggest that CUMS-induced body weight loss and anhedonia-like behavior could be alleviated by the inhibition of ASICs in rats.
Effects of inhibiting ASICs on serum ACTH and corticosterone levels
Considering the role of HPA axis dysfunction in the pathogenesis of depression, we examined whether the inhibition of ASICs affects HPA axis activity. Using a radioimmunoassay kit, we found that the levels of ACTH and corticosterone in serum increased in rats at day 21 aer CUMS compared with unstressed rats (Fig. 2) . In addition, both ACTH and corticosterone levels were decreased by the systemic injection with amiloride in CUMS rats compared with vehicle-treated CUMS rats. No signicant differences in serum ACTH or corticosterone levels were detected among CUMS rats treated with different doses of amiloride (Fig. 2) .
To examine whether amiloride affects HPA axis activity via its direct actions on the central ASICs, we rst determined the expression of ASICs in the rat brain by immunouorescence. We found the ASICs were highly expressed in the paraventricular nucleus of the hypothalamus (Fig. 3A) . Then, we measured serum ACTH and corticosterone levels in response to acute stress aer intracerebroventricular (i.c.v.) administration of 100 mM amiloride. We found that the levels of ACTH and corticosterone were signicantly elevated in rats aer 10 min forced swimming (Fig. 3B and C) . Compared with vehicle administration, i.c.v. administration with amiloride 30 min prior to forced swimming resulted in signicantly decreased levels of ACTH and corticosterone aer forced swimming ( Fig. 3B and C) . These results suggest that inhibition of ASICs may reverse stress-induced hyperactivity of the HPA axis in rats.
Corticotropin-releasing hormone (CRH) is believed to accelerate the release of adrenocorticotropic hormone (ACTH), which serves as an index of HPA axis activation. 13 Aer 21 day CUMS, we found the expression of CRH in the hypothalamus was signicantly increased, as indicated by western blot (Fig. 4A) . In addition, the expression of CRH mRNA was signicantly upregulated in the hypothalamus of CUMS rats compared with unstressed rats (Fig. 4B) . Interestingly, systemic treatment with amiloride had no effect on CRH mRNA expression in CUMS rats (Fig. 4B) . 
View Article Online
Discussion
The dysfunction of serotonin systems is one of the well-accepted mechanisms underlying depression. 36 Outside of the monoamine hypothesis, the critical role of the HPA axis in depression has been recognized for several years. In patients with depression, the HPA axis is hyperactivated, and this hyperactivity is reversed with antidepressant treatment. 37, 38 In this study, we found that the inhibition of ASICs with the antagonist amiloride could alleviate a depression-like behavior induced by chronic stress. In addition, the upregulation of ACTH and corticosterone was also reversed. These results suggest that inhibition of ASICs may inuence the HPA axis to alleviate the symptoms of depression. The dysfunction of the HPA axis is considered to be one of the mechanisms underlying depression. 37 In line with this notion, CUMS is found to induce depression-related behaviors, accompanied by an increase in the serum ACTH and corticosterone levels as well as hypothalamus CRH expression in rats. Inhibiting ASICs signicantly decreased the serum ACTH and corticosterone levels, and, correspondingly ameliorated the depression-related behavior. The antidepressant effect of amiloride was not dose-dependent, which may be due to the long-term treatment and the high efficiency of amiloride. Furthermore, low doses of amiloride (5 mg per day) have been reported to affect the blood pressure of humans. 39 This suggests that a low dose of amiloride probably produces enough activity to exert an antidepressant effect. Based on these ndings, we speculate that the downregulation of HPA axis activity by inhibiting ASICs might be one mechanism underlying the relief of depressive symptoms. In addition, i.c.v. administration with the ASIC inhibitor reduces serum ACTH and corticosterone levels in response to acute stress. Given that ASICs are expressed in the brain structures that are associated with the modulation of HPA axis activity and depression, central ASICs could modulate the HPA axis activity and subsequently inuence depression-related behavior. This hypothesis is supported by the notion that multiple subtypes of ASCIs, such as ASIC1a, ASIC2a, and ASIC3, are associated with emotion modulation in mice.
40,41
In contrast to the reduction in serum ACTH and corticosterone levels, amiloride had no signicant effect on the expression of CRH mRNA in the hypothalamus in response to CUMS. This different effect of ASIC inhibition on CRH mRNA and ACTH may result from the actions of ASICs. It has been shown that the activation of ASICs depolarizes the membrane potential and increases the neuronal excitability in the hypothalamus 42, 43 and hippocampus. 18 Moreover, ASICs are known to increase intracellular Ca 2+ accumulation by direct activation of homomeric ASIC1a and heteromeric ASIC1a/2b channels, or subsequent Ca 2+ entry through voltage-gated Ca 2+ channels and/or Ca 2+ release from intracellular pools. 44, 45 These prominent biophysical features raise the possibility that ASICs modulate CRH release, but not CRH transcription. Considering that amiloride acts on a variety of ion channels and exchangers in addition to ASICs, we could not exclude the participation of these targets in the modulation of the HPA axis and depression.
In conclusion, this study showed that the pharmacological inhibition of ASICs reversed depression-related behavior in rats, possibly by reducing the hyperactivity of the HPA axis. Our results provide new evidence for the involvement of ASICs in depression and may provide a potential strategy to relieve depressive symptoms.
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